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Carbon-doped ZnO ZnO:C thin films exhibiting Curie temperature above room temperature were
fabricated using ion beam technique. The magnetic moment of the ZnO:C films was found to be
around 1.35 B per carbon atom. The ZnO:C films showed p-type conduction with a hole
concentration of 51017 cm−3. In addition, the anomalous Hall effect and negative
magnetoresistance can be detected in the ZnO:C films. The magnetotransport properties of the
ZnO:C suggested that the films possessed charge carrier spin polarization. © 2009 American
Institute of Physics. DOI: 10.1063/1.3176434
In recent years, there has been an intense search for
ZnO-based ferromagnetic semiconductors with coexistence
of ferromagnetic and spin-transport properties, which are de-
sirable for practical spintronics applications.1 It was pre-
dicted that Mn-doped ZnO could exhibit above room tem-
perature RT ferromagnetism in a hole-rich environment.2
This prediction initiated intensive experimental work on
3d-transition metals TM doped ZnO. However, the re-
ported results have been receiving skepticism and the origin
of the observed ferromagnetism continues to be strongly de-
bated in the literature.3 As a result, this stimulated an exten-
sive experimental and computational search for non-TM
doped ZnO, such as carbon-doped ZnO ZnO:C as alterna-
tives to fabricate an unambiguous and clean ferromagnetic
semiconductor. Pan et al.4 predicted that hole mediation in
ZnO:C film could lead to ferromagnetism, but ZnO:C
showed n-type behavior experimentally. Thus, the intrinsic
ferromagnetism in this carbon system need to be examined
carefully before its potential can be explored.
The origin of ferromagnetism in ZnO-based semicon-
ductors is the most unsettled question in today’s material
community. This complication can be partially alleviated if
the magnetotransport properties of these materials can be ob-
served. Anomalous Hall effect AHE and magnetoresistance
MR are among the most important tools to determine prac-
tical functionality of the materials as the spin polarized car-
rier can be probed and controlled electrically,5 leading to
direct application in electronics. Here, we demonstrate
p-type ZnO:C films by investigating its ferromagnetic and
magnetotransport properties. By tuning the carbon concen-
tration in the ZnO thin films, one can control the strength of
ferromagnetic coupling and its magnetotransport properties.
ZnO films with a thickness of 300 nm were prepared on
Si substrates at RT using the filtered cathodic vacuum arc
technique. The details of ZnO film preparation have been
described elsewhere.6 The ZnO samples were mounted on a
water-cooled sample holder and subsequently irradiated by
Ar+ ions at 45° from the normal to the surface using a
Kaufman-type ion gun Iontech Inc. Ltd., model 3–1500–100
FC with a simultaneous supply of C atoms. For the supply
of carbon, a graphite plate located perpendicularly near the
ZnO sample was cosputtered with the ZnO sample by Ar+
ions with an energy of 500 eV at RT. After the fabrication of
ZnO:C films, the samples were cleaned by ethanol prior to
characterization.
The structural properties of the as-prepared films were
characterized by x-ray diffraction XRD, x-ray photoemis-
sion spectroscopic XPS, and dispersive x-ray spectroscopy
EDS. The C content of the 4 and 8 min irradiated films
were estimated to be 2 and 8 at. %, respectively, as
measured by the EDS. The magnetotransport measurements
were performed on a Quantum Design physical properties
measurement system PPMS. The van der Pauw method
was used to measure the resistivity. The standard four probe
method was employed for Hall measurement. The magnetic
measurements were carried out with a vibrating sample mag-
netometer attached to the PPMS system.
The ZnO:C films exhibit a prominent c-axis 002 tex-
ture at 34.5°, corresponding to a ZnO wurtzite structure.
No trace of secondary phases, impurities, or graphite-related
peaks can be detected within XRD scanning range of 20° to
70°. A shift of 002 peak to higher angles by 0.15° as com-
pared to as-grown ZnO is observed in the ZnO:C. This indi-
cates a reduction in lattice constant c with C doping, which is
expected as smaller C ions is incorporated into the O sites of
ZnO matrices.7 XPS measurements confirmed that C has
been incorporated into the film.
The magnetic properties of the ZnO:C films were studied
at different carbon concentrations. Figure 1a shows the
magnetic hysteresis loops of the ZnO:C films at 5 and 300 K
with 2 and 8 at. % of carbon. All the samples exhibited fer-
romagnetic ordering above RT with a clear hysteresis loop as
shown in the inset of Fig. 1a. The saturated magnetization
Ms of the samples varies from 4.21 to 7.84 emu /cm3 ataElectronic mail: apsplau@polyu.edu.hk.
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300 K with C concentration increases from 2 to 8 at. %. At
5 K, the Ms of the ZnO:C samples increased by 6% to
15% depending on its C concentration. It is worthwhile to
highlight that no ferromagnetism can be observed from the
as-grown ZnO and the ion beam irradiated sample in the
absence of C plate under identical growth conditions. Con-
sidering the estimated C content in the ZnO:C samples, the
average Ms at RT is found to be 1.35 and 0.79 B per carbon
atom for 2 and 8 at. %, respectively.
The zero-field-cooled ZFC and field-cooled FC
curves for ZnO:C 2 at. % and 8 at. % films measured un-
der applied field of 1 kOe are shown in Fig. 1b. All the
samples exhibit a Curie temperature above 350 K. The mag-
netization increases with an increase in temperature up to a
transition temperature TT of 216 and 160 K for ZnO:C with
2 and 8 at. % of C, respectively, then the magnetization de-
creases with temperature greater than TT. This convex shape
of ZFC-FC curve reflects antiferromagnetic and ferromag-
netic transition near TT. For TT216 K, a pronounced anti-
ferromagnetic interaction is observed. However, the ferro-
magnetic phase is still strongly dominant over the whole
range of temperatures. It is noted that the ZFC-FC curves are
conversed into one curve at temperature above 35 K, in-
dicating the absence of superparamagnetism. This rule out
the possibility of carbon clusters being the origin of the ob-
served ferromagnetism in the samples. The cusp in the ZFC
and FC magnetization is typically interpreted as an indica-
tion of spin-glass behavior,4 attributing to the frustration
originating from the coexistence of ferromagnetic and anti-
ferromagnetic interactions.
Unless otherwise stated, the transport measurement was
performed on ZnO:C 2 at. % film because of the relatively
low resistivity of the sample. The temperature dependence
resistivity T of the ZnO:C film is plotted in Fig. 2. The
resistivity of the ZnO:C film decreases with increasing tem-
perature. Three distinct T regions with its crossover tem-
peratures at 216 K T1 and 300 K T2 are clearly depicting
three different transport mechanisms. For T300 K, the
ZnO:C film exhibits the metalliclike behavior with its resis-
tivity and activation energy keep almost constant at
3.7  cm and 1.23 meV, respectively. The metallic be-
havior persisted until T2 and then followed by a sharp rise in
the resistivity up to a temperature of about T1, which is remi-
niscent of a metalliclike to semiconductorlike transition. The
ZnO:C possesses resistivity of 62  cm at 216 K. For T
T1, the resistivity increases monotonically. At 30 K, the
resistivity of the ZnO:C increases to 70  cm and having an
activation energy of 417 meV, elucidating an insulatorlike
behavior. Interestingly, we note that the transition tempera-
ture of T1 corresponds well to the ZFC-FC peak of ZnO:C
2 at. % as illustrated in Fig. 1b. It suggests that there
should be a close correlation between the transport and mag-
netic properties of the ZnO:C.
In order to further explore the transport mechanism in
the ZnO:C, the data were replotted into ln versus T−1/2 as
shown in the inset of Fig. 2. It is evident that ln is linear
as a function of T−1/2 with a crossover point at T1. The lin-
earity of ln as a function of T−1/2 for the entire tempera-
ture range is qualitatively consistent with the thermally acti-
vated process, =0 expTo /T1/2, which is a characteristic
of magnetic polaron variable range hopping VRH in the
presence of carrier-carrier interaction.8 The VRH mechanism
provides a reasonable explanation of transport behavior in
ZnO:C films.
Figure 3a shows the magnetic-field H dependence
Hall resistivity xy for the ZnO:C film. The field was ap-
plied perpendicular to the sample’s surface at 300 K as de-
picted in the inset of Fig. 3a. As it is common for ferro-
FIG. 1. Color online Magnetic properties of ZnO:C films at different
carbon concentrations and temperatures. a The hysteresis loops of ZnO:C
2 at. % and ZnO:C 8 at. % films at 5 and 300 K. The inset of a
shows the expanded view of the hysteresis loops. b The temperature de-
pendence magnetization curves ZFC and FC of ZnO:C 2% and ZnO:C
8 at. % films.
FIG. 2. Temperature dependence of the resistivity on ZnO:C 2 at. % film.
The variable range hopping in the presence of carrier-carrier interaction is
evident from the linearity of ln vs T−1/2 as shown in the inset, where solid
curves are a guide for the eye. The linear fit depicts a transport mechanism
and activation energy change at 216 K for the sample.
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magnetic materials, the value of xy is given by the sum of
the ordinary Hall effect and AHE term determined by the
magnetization MH.9 At low magnetic fields 2.5 kOe,
xy has largely linear field dependence and the anomalous
contribution dominates. Above 2.5 kOe, xy increases gradu-
ally and becomes much less field dependent, which is domi-
nated by ordinary Hall resistance. The positive slope at high
field regime implies the charge carriers in the ZnO:C is
p-type with its hole concentration at 5.01017 cm−3. The-
oretical calculations suggested that direct hole doping at the
anion site such as C substitution on the O site is more effec-
tive for localizing the hole and sustaining the magnetic
moment.4,10 The experimental result is in good agreement
with the theoretical prediction. It is worthwhile to highlight
that the characteristic of xy as a function of magnetic field is
similar to the MH plot as shown in Fig. 1a, suggesting
intrinsic nature of ferromagnetism in ZnO:C.
Next, we take into account the magnetotransport proper-
ties of the ZnO:C film before discussing the intrinsic nature
of this ferromagnetic material. Figure 3b shows the tem-
perature dependence of resistivity on the ZnO:C film, per-
formed at applied magnetic fields of 0, 1, 4, and 8 Tesla. The
resistivity decreases with an increase in magnetic field, re-
flecting negative MR. To our surprise, the remarkable change
in resistivity occurred in the temperature range between 180
and 240 K, as seen from the inset of Fig. 3b. It is an
unusual phenomenon as compared to TM-doped ZnO
materials.3
Figure 3c shows the MR curves of the sample at 5,
200, and 300 K, the corresponding MR ratio is 1%, 4%,
and 0.2%, respectively. The MR peaked at 200 K and then
the value decreases to about 0.2% at 300 K. This unusual
result is in accordance with the magnetic dependence T
data in Fig. 3b. Combining the magnetic and magnetotrans-
port analysis, the possible underlying mechanism of this un-
usual MR effect should correlate to the magnetic inhomoge-
neous and magnetic phase transition at 200 K, as evidenced
by MT curves in Fig. 1b. Near transition temperature of
200 K, the ground state changes from ferromagnetic to anti-
ferromagnetic state, leading to domain wall scattering.11 Do-
main walls are known to be a source of resistance and the
phase transition energy goes along with domain walls. Thus,
the strongest MR near 200 K could be due to its smaller
antiferromagnetic-ferromagnetic transition energy and re-
duced domain walls resistance. The rapid rise in resistivity
from 300 to 200 K could be attributed to the gradual growth
of antiferromagnetic interaction, as suggested by the
ZFC-FC curve given in Fig. 1b. Interestingly, the similar
MR behavior is found in hole-doped perovskite manganites
system such as La1−xSrxMnO3, where the highest negative
MR ratio occurred at the ferromagnetic transition
temperature.12 Further work is needed to pinpoint the under-
lying mechanisms for the observed MR behavior in the
ZnO:C films.
In summary, we have observed p-type conduction in the
ZnO:C film with its hole concentration at 51017 cm−3. The
AHE and MR signals at RT reveal the presence of spin po-
larization of charge carriers in the films.
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FIG. 3. Color online AHE and magnetotransport properties of ZnO:C
2 at. %. a The magnetic field dependence of Anomalous Hall resistivity
xy on the sample measured at 300 K. The applied magnetic field is per-
pendicular to the sample plane with constant current of 0.01 mA as illus-
trated in the inset. b Temperature dependence resistivity of the sample
under an applied field of 0, 1, 4, and 8 Tesla. Inset shows the temperature
dependence resistivity from 180 to 240 K. c MR curves of the sample
measured at 5, 200, and 300 K.
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